proteins. what are often lacking are connections between metabolomics, wRKY transcription factors, promoters, biosynthetic pathways, fluxes and downstream responses. As more levels of the system are characterized, a more detailed understanding of the roles of wRKY transcription factors in drought responses in crops will be obtained.
Introduction
A basic definition of omics is the cataloging of comprehensive sets of biological information from a given sample (Chow and Kay 2013) . Today, there seems to be a new -omics field almost every week. In plants, the major -omics technologies include ionomics (the study of elemental accumulation), genomics (the study of genes and genomes), transcriptomics (the study of mRNA levels), regulomics (transcription factors and other molecules that regulate gene expression), proteomics (the study of proteins), phosphoproteomics (the study of phosphorylated proteins), secretomics (the study of secreted proteins), interactomics (the study of interactions), metabolomics (the study of metabolites), fluxomics (the study of fluxes through pathways), physiomics (the study of how physiological features are associated with genes, proteins and their networks), and phenomics (the study of phenotypes). All of these technologies together make up systems biology and the integration of these -omics technologies will facilitate an understanding of what the plant is doing at the whole system level. For example, regulomics will help explain the changes seen in transcriptomics and these changes, at least in part, will be reflected in proteomics analyses. Ultimately, changes in protein activities will affect the metabolome and so on.
Abstract Drought is one of the major challenges affecting crop productivity and yield. However, water stress responses are notoriously multigenic and quantitative with strong environmental effects on phenotypes. It is also clear that water stress often does not occur alone under field conditions but rather in conjunction with other abiotic stresses such as high temperature and high light intensities. A multidisciplinary approach with successful integration of a whole range of -omics technologies will not only define the system, but also provide new gene targets for both transgenic approaches and marker-assisted selection. Transcription factors are major players in water stress signaling and some constitute major hubs in the signaling webs. The main transcription factors in this network include MYB, bHLH, bZIP, eRF, NAC, and wRKY transcription factors. The role of wRKY transcription factors in abiotic stress signaling networks is just becoming apparent and systems biology approaches are starting to define their places in the signaling network. Using systems biology approaches, there are now many transcriptomic analyses and promoter analyses that concern wRKY transcription factors. In addition, reports on nuclear proteomics have identified wRKY proteins that are upregulated at the protein level by water stress. Interactomics has started to identify different classes of wRKY-interacting Drought Drought is one of the major events that cause huge losses in crop productivity and yield and it is therefore a major focus of research. Analyses of water stress responses at the systems biology levels therefore have great promise for the improvement of crop plants. A recent world Agricultural Supply and Demand estimates report (October 11, 2012) shows that production of major crops like corn, soybean, sorghum, wheat, etc., was reduced by 27.6 % during the severe US drought in 2012 (http://www.ers.usda.gov/topics/ in-the-news/us-drought-2012-farm-and-food-impacts.aspx) and this trend is increasing year by year (wASDe report 2012). Not only are crops affected, drought simultaneously affects livestock and farms with the same intensity.
water deficiency has a major impact on ecological and agricultural systems and is a limiting factor during the initial phase of plant growth and establishment (Roschefort and woodward 1992; Shao et al. 2009 ).
water stress results in stomatal closure and reduced transpiration rates, decrease in water potential, decrease in photosynthesis, accumulation of compatible solutes, synthesis of new proteins and formation of ROS-scavenging compounds like ascorbate, glutathione, and alpha-tocopherol (Yordanov and Tsonev 2003) . It is also necessary to understand how the system might be affected by the interplay of external factors (e.g., water availability) and internal factors (developmental triggers). Therefore, analyses of the system structures (e.g., gene interactions) and dynamics (e.g., metabolic fluxes) become important (Kitano 2002; Moore et al. 2009 ). Correlation of next-generation sequencing, genomescale molecular analysis, modeling of physiological and molecular data to the physiology of the plant leads to new data about adaptability and improved traits which can ultimately be incorporated in crop plants to improve productivity under stress (weckwerth 2011).
"Drought tolerance" can be considered as the tolerance of moderate dehydration down to a moisture content below which there is no bulk cytoplasmic water potential (Hoekstra et al. 2001) . "Desiccation tolerance" generally refers to the tolerance of further dehydration, when the hydration shell of molecules is gradually lost (Hoekstra et al. 2001) . The desiccation tolerance program can be switched on by dehydration and also by the plant hormone abscisic acid (ABA), and results in a decrease in cellular volume, which leads to accumulation of cytoplasmic components. This ultimately leads to protein denaturation and membrane fusion (Hoekstra et al. 2001) . In response to cellular dehydration, many plants and microorganisms accumulate compatible solutes irrespective of whether the dehydration was brought on by drought, freezing or osmotic shock (Hoekstra et al. 2001) . Partitioning of cytoplasmic amphiphiles into membranes during dehydration was also reported as one of the major strategies towards dehydration tolerance because it assists the automatic insertion of antioxidants or phospholipase inhibitors with amphiphilic properties and thus slows the aging process (Langridge et al. 2006) . After severe water loss, hydrogen bonding and glass formation are the mechanisms by which membranes and proteins are structurally and functionally preserved (Yordanov and Tsonev 2003) . Thus, compatible solutes, especially sugars play an important role in removal of the closely associated water from protein without leading to any conformational changes and loss of enzymatic function. Subsequently, downstream genes like late embryogenesis abundant proteins (LeA) and group-1 dehydrins are activated leading to plant protection during dehydration (Yordanov and Tsonev 2003) . A small perturbation in partitioning-induced membranes causes impairment of the electron transport chain that leads to increased formation of ROS (Hoekstra et al. 2001) . This leads to an accumulation of enzymes or other compounds that act in ROS scavenging.
To understand drought responses in the field, it is important to have a comprehensive understanding of the signaling cascades at the molecular level and to identify the critical events that regulate different aspects of the signaling. To develop a drought-tolerant crop variety, it is necessary to elucidate the different molecular events along with their agronomical aspects, so that strategies to produce a better and more appropriate variety can be devised. New strategies to improve drought tolerance therefore often require multidisciplinary approaches that combine marker-assisted selection with a whole range of -omics technologies (Fig. 1) . These -omics techniques not only define the system, but also provide new gene targets for both transgenic approaches and marker-assisted selection.
Transcription factors and drought
environmental stresses affect physiological as well as biochemical aspects of the plant and hence influence the regulation of important proteins and genes. Plant adaptation to drought is dependent on molecular networks for drought perception, signal transduction, expression of a subset of genes and production of metabolites that protect and maintain the structure of cellular components (Umezawa et al. 2006a) . within the plant system, the processes of managing growth, developmental and stress responses are so interwoven that it is sometimes hard to separate these aspects from each other. Two major types of proteins are involved in the responses to environmental stress-'effector proteins' that, for example, hold water and control homeostasis and 'regulatory proteins', which are involved in signal perception and signal transduction. Regulatory proteins include transcription factors, protein kinases, and other signaling molecules. It is known that altering the activity of regulatory proteins might modulate the system because this class of proteins may regulate many downstream genes. This property makes them prime candidate target genes for improving responses to complex abiotic stresses like drought.
In general, the drought response pathways can be classified into two categories: one is dependent on the stress hormone ABA and the other is ABA independent (Umezawa et al. 2006b ). ABA-responsive elements (ABRes) are one of the main cis-acting elements in ABA-dependent signaling of water stress responses (Shinozaki and YamaguchiShinozaki 2007) . It has been shown that this element directs ABA-dependent signaling of the Arabidopsis RD29B gene via bZIP transcription factors (Uno et al. 2000) . The ABRe sequence CACGTG is also a potential binding site for both bHLH and NACs. Both bHLH and NAC TFS have been shown to play role in water stress responses. The cognate bZIP TFs have been named ABA-responsive element binding proteins (AReB)/ABA-responsive element binding factors (ABFs). The mode of activation appears to be via phosphorylation of the AReB/ABF proteins (Kagaya et al. 2002; Uno et al. 2000) . Overexpression studies of ABF3 or ABREB2/ABF genes showed that the resulting ABA hypersensitivity led to an increase in drought tolerance in Arabidopsis (Kang et al. 2002) .
Interestingly, Fujita et al. (2005) have shown that overexpression of the active form of AReB1 with N-terminal activation and bZIP DNA-binding domains (AReB1ΔQT) leads to plants displaying ABA hypersensitivity and enhanced drought tolerance. Yang et al. (2011) have shown that rice ABI5-Like1 (ABL1) regulates ABA and auxin responses through ABRe-containing wRKY genes. OsWRKY69 has an ABRe element in its promoter that leads to specific binding of the bZIP transcription factor (ABL1), which suppresses auxin signaling while enhancing ABA signaling and hence provides insights into ABA and auxin crosstalk ). In another study, similar altered responses in auxin signaling and enhanced responses to ABA were observed when OsWRKY72 was ectopically overexpressed in Arabidopsis . Scanning 1 kb of upstream promoter region from OsWRKY72 through the PLACe database (Higo et al. 1998) shows an enrichment of ABRe-like elements. This suggests that this interaction of bZIP transcription factors with promoters from some wRKY gene promoters is crucial not only for ABA signaling but also for auxin signaling.
Transcription factors have been reported to play important roles at various levels in the signaling web to enable plants to cope with water-stress/drought. we now focus on drought/water-stress systems biology and wRKY TFs Fig. 1 Simplified overview of successful integration of systems biology and molecular breeding approaches for crop improvement during drought. The forward genetics/breeding section of the diagram is modified from Fleury et al. (2010) because the importance of wRKY TFs in abiotic stress signaling is just becoming clear.
WRKY transcription factors
The first reports about wRKY TFs came almost two decades ago and since then wRKY TFs have been reported as playing pivotal roles in defense signaling and regulating different growth and developmental processes in plants (Rushton et al. 2010) . The initial reports of wRKY TFs defined the roles played in regulation of gene expression in sucrose inducibility (SPF1) (Ishiguro and Nakamura 1994) or during germination (ABF1 and ABF2) (Rushton et al. 1995) . The history and nomenclature of this family of transcription factors have been thoroughly reviewed by Rushton et al. (2010) . Studies now show that wRKYs are both positive and negative regulators of gene expression (eulgem and Somssich 2007). Subsequently, progress has been made towards an understanding of the functionality of wRKY TFs not only in biotic stress conditions (where they are well studied) but also during seed germination, flower development, senescence and abiotic stresses as well.
WRKY transcription factors-domain structure and binding
The key-defining feature of wRKY TFs is their DNA-binding domain. This is called the wRKY domain because of the presence of the highly conserved wRKY amino acid sequence (wRKYGQK) also referred to as the "signature sequence" at the N-terminus (Maleck et al. 2000; Rushton et al. 1996) . The wRKY domain is approximately 60 amino acid residues in length with the wRKY signature at the N-terminus and a zinc finger structure at the C-terminus. Based on the number of wRKY domains in the protein and structure of the zinc finger motif the whole family was divided into three different groups (eulgem et al. 2000) . Detailed phylogenetic analyses subsequently revealed a distribution of the wRKY family in higher plants into groups I, IIa+b, IIc, IId+e and III (Rushton et al. 2008a; Zhang and wang 2005) .
with regard to the structure of the wRKY domain, Rushton et al. (1995) initially showed that these proteins might contain a novel zinc finger structure. In the solution structure description by Yamasaki et al. (2005) it became clear that the wRKY domain constitutes a four-stranded β-sheet, with a zinc-binding pocket formed by the conserved Cys/His residues. The wRKY signature sequence enters the major groove of DNA and binds to its cognate DNA-binding site (TTGACC/T) known as the w box (Yamasaki et al. 2005) . A few years later, a crystal structure description of the AtwRKY1 C terminal wRKY domain showed a similar structure (Duan et al. 2007 ). Recently, another major advance was made with the first reporting of the solution structure of a wRKY domain in complex with the w box binding site (Yamasaki et al. 2013) . This revealed that a four-stranded β-sheet enters the major groove of the DNA in an atypical mode termed the β-wedge, so called because the sheet is nearly perpendicular to the DNA helical axis.
Recently, vQ proteins were reported to act as co-factors that positively or negatively regulate gene expression (Cheng et al. 2012) . Also, chromatin remodeling has also started to emerge as an important mode whereby the regulatory mechanism modulates expression of target gene expression during stress responses (Trivedi et al. 2012; wang et al. 2012a ). Thus, mechanisms other than mere recognition of the core w box promoter elements are necessary to achieve the regulatory specificity of wRKY TFs (Chi et al. 2013) . Therefore, the involvement and utilization of systems biology techniques (in this case interactomics) can enable us to decipher the behavior of wRKYs with their interacting partners and help characterize the resulting dynamic output (Chi et al. 2013 ).
Abiotic stress and WRKY transcription factors: altered expression and mutants
wRKY TFs play pivotal roles in regulating many stress reactions in plants but until recently unraveling their roles in abiotic stress responses has lagged behind that of biotic stresses (Rushton et al. 2012) . Over the last 5 years, this situation has changed rapidly and there are now dozens of reports of wRKY TFs functioning in abiotic stress responses, including water stress (see Table 1 for examples). In rice, heat shock inducible HSP101 promoter driven overexpression of OsWRKY11 led to enhanced heat and drought tolerance (wu et al. 2009) . Similarly, overexpression of OsWRKY45 resulted in enhanced salt and drought tolerance in addition to increased disease resistance (Qiu and Yu 2009 ), again showing cross talk between these stress responses. These encouraging crop plant-based results are supplemented by others in the model plant Arabidopsis and further evidence came from altered plant responses to different abiotic stresses following the overexpression of three stress-inducible soybean wRKY genes in Arabidopsis. Zhou et al. (2008) revealed enhanced cold tolerance in comparison to wild type when GmWRKY21 was overexpressed. In comparison, GmWRKY54-overexpressing plants were shown to be more salt and drought tolerant and GmWRKY13 overexpression resulted in increased sensitivity to salt and mannitol stresses (Zhou et al. 2008) .
Information regarding the different downstream target genes of wRKY TFs that regulate abiotic stress-induced responses is limited. Advances have, however, been made in a dehydration tolerance signaling pathway in the resurrection plant Boea hygrometrica (wang et al. 2009 ). An important downstream target gene, Galactinol synthase 1 (BhGolS1), which plays a role in drought and cold tolerance (Teruaki et al. 2002 ) was found to be dehydration and ABA inducible. The BhGolS1 promoter contains four w boxes and chromatin immunoprecipitation showed that it is bound in vivo by the early dehydration and ABA-inducible BhwRKY1 TF (wang et al. 2009 ). These observations provide direct insights into the role of a dehydration-inducible wRKY TF that interacts with a downstream target gene that plays an important role in drought responses. Recently, convincing evidence has been presented to show that AtwRKY8 functions antagonistically with its interacting partner vQ9 to modulate salinity tolerance . AtWRKY8 is highly up-regulated by salt and a wrky8 mutation rendered plants hypersensitive to salt. Conversely, a vq9 mutation enhanced tolerance to salt. Furthermore, chromatin immunoprecipitation assays showed that AtwRKY8 bound directly to the promoter of RD29A, suggesting that it is one of the AtwRKY8 target genes.
One recent and important discovery in wRKY TF research came from the T-DNA insertion mutant abo3. This mutation is in AtWRKY63 and leads to a hypersensitive response upon ABA treatment in both seedling establishment and seedling growth. Importantly, since stomatal closure was less sensitive to ABA, this mutant was also less drought tolerant than wild-type plants (Ren et al. 2010) . A detailed analysis of the abo3 mutant illustrates some of the roles of this wRKY transcription factor by placing AtwRKY63 downstream of ABI1, ABI2 and ABI5 but upstream of ABF2, RD29A and COR4. Interestingly, AtwRKY40 appears to act upstream of the bZIP transcription factor ABI5 (Shang et al. 2010 ) whereas AtwRKY63 acts downstream of it and hence taken together, this shows that there is a cascade of transcription factors initiated by ABA with AtwRKY40 repressing ABI5 gene expression in the absence of ABA. Upon ABA perception, derepression of ABI5 leads to activation of AtWRKY63 at Shekhawat et al. (2011) the transcriptional level which further activates the target genes including RD29A and COR47 (Rushton et al. 2012) . Importantly, other reports have shown that modulation of wRKY TF gene expression may lead to improved drought responses through changes, not in stomata but in root architecture (Song et al. 2010 ). Up-regulation of multiple TFs by water stress may lead to enhanced expression of target genes. Babitha et al. (2013) showed that co-expression of AtWRKY28 and AtbHLH17 resulted in increased expression of different target genes in response to various abiotic stresses like drought, salt and oxidative stress in Arabidopsis (Babitha et al. 2013) . various downstream target genes like RD29A, rd22 and FSD2 were found to have w boxes in their promoter regions whereas KIN1 and ADH1 have G-box elements while P5C5 and LEA14 have both elements. All of them showed an enhanced expression in transgenic lines compared to wild-type plants when subjected to different osmoticum and stress treatments. However, there is not a simple relationship between the presence or absence of binding sites and expression levels, genes having binding site for both classes of transcription factors do not show higher expression when compared with the ones which have just one of the two binding sites alone. However, it is clear that co-expression of multiple transcription factors leads to up-regulation of more targets (Babitha et al. 2013 ). Hence, cooperative behavior of the different transcription factors appears to result in tighter regulation of the molecular responses to different stress conditions. In another study, wang et al. (2012a, b) showed in Tamarix androssowii (Tamaricaceae), a member of a class of highly drought-and salt-tolerant trees or shrubs, that a conserved mechanism of transcriptional regulation was followed by wRKY and RAv (an AP2/eRF and B3 domain containing transcription factor) TFs which results in activation of TaeIF5A and confers tolerance to abiotic stresses (wang et al. 2012b ). Interestingly, the presence of a w box in the promoter region of TaeIF5A appeared to be the necessary element required for binding of the TaRAV and TaWRKY, as a mutation in the core w box motif results in loss of function. This specific interaction upstream of TaeIF5A regulates the expression in an ABA-dependent signal transduction pathway and leads to stress tolerance by various physiological pathways such as enhancing ROS scavenging, and preventing chlorophyll loss and membrane damage (wang et al. 2012b).
As described earlier, reports have emerged from different crop plants where knowledge gathered from the model plant Arabidopsis has been successfully translated to crop species. In many cases, comparative genomics leads to new findings in agriculturally and economically important crops (Marchive et al. 2007; Mare et al. 2004; Petitot et al. 2013; Shekhawat et al. 2011) . Recently, Luo et al. (2013) have described that in wild soybean, Glycine soja, GswRKY20 promotes the expression of negative regulators of ABA signaling while repressing positive regulators. when overexpressed, GsWRKY20-overexpressing plants show higher tolerance to drought with a significant decline in water loss and stomatal density (Luo et al. 2013 ). This study shows that GswRKY20 plays an important role in ABA-mediated stomatal closure, which ultimately leads to increased resistance to drought. In another study, tobacco plants overexpressing wheat TaWRKY10 show tolerance to multiple stresses including drought (wang et al. 2013) . wRKY TFs appear to play important roles in regulating water-stress/ drought by modulating the osmotic balance, ROS scavenging and affecting expression of different stress-related genes (Agarwal et al. 2011) .
These new insights show that some wRKY TFs represent major hubs in abiotic stress signaling as they take input signals from multiple stimuli (Rushton et al. 2012 ). This has major implications for the use of wRKY genes in crop improvement because it may make the manipulation of a single plant process difficult to improve using a single gene because several different stress responses are simultaneously affected. On the other hand, manipulation of a single wRKY gene may improve response to multiple stresses. A comprehensive systems biology approach would be a useful strategy to address such problems.
Transcriptomics
Transcriptomics, using oligo arrays and more recently RNA-seq, is the most widely used -omics technology. Until recently, wRKY TFs were well known as key regulators of plant responses to disease but they had barely been studied in regard to abiotic stresses like drought stress (Bartels and Sunkar 2005). Transcriptomics gave the first clues that wRKY TFs are regulators of abiotic stress responses. Transcriptome analyses in Arabidopsis using 7,000 genes revealed forty-three drought, cold or high-salinity stresses induced transcription factor genes. Among these were six DReBs, two eRFs, ten zinc finger-containing factors, three MYBs, two bHLHs, four bZIPs, five NACs and four wRKYs (Bartels and Sunkar 2005; Seki et al. 2002; Umezawa et al. 2006a ). In addition, the expression patterns of the complete rice wRKY family under drought conditions in both the root and leaf was investigated using massively parallel signature sequencing (MPSS). At least seventeen rice wRKY genes (over 15 % of the gene family) were highly induced by drought stress. This provided missing evidence that wRKYs may play a role in drought responses (http://mpss.udel.edu/rice/). Since then, there has been a great deal of published transcriptomics data and a role of wRKY genes in water stress responses is no longer in doubt.
Transcriptome comparisons of water stress-inducible WRKY genes from three different families of plants
we have been able to investigate the water stress inducibility of wRKY genes from representative species from three plant families. Arabidopsis genes that are induced at least sevenfold by water stress at the mRNA level were identified using Genevestigator (Zimmermann et al. 2004) . Soybean genes that are induced sevenfold by water stress were identified using our own transcriptome data set (Tripathi et al. unpublished) . Tobacco genes that are induced sevenfold by water stress were also identified using our own transcriptome data set (Rabara et al. unpublished) . A combined phylogenetic analysis proved revealing as there are not only similarities across all three species but also marked species-specific differences (Fig. 2) . Similarities include the induction by water stress of genes from the I, IIa, IIc and III subfamilies. This includes notable hotspots of co-expressed genes in the group IIc (Fig. 3) and group IIa subfamilies. There are striking differences also between the plant species. Only IId genes from tobacco are induced by water stress (Fig. 2) . Arabidopsis group IIb genes, unlike tobacco and soybean, do not appear to contain water stress-inducible members.
These initial analyses suggest that although some wRKY genes may form a core component of water stress deficit signaling, that others represent family or even species-specific responses. Further detailed analyses using more standardized experimental procedures will be necessary to shed further light on this, but it is tempting to speculate that the family/species-specific inducible wRKY genes may regulate family/species-specific processes such as parts of secondary metabolism.
Proteomics
Proteomics analyses of transcription factors, particularly shotgun proteomics, are hampered by the low concentration of transcription factors in the cell. Fortunately, most transcription factors are present in the nucleus and so one approach to circumvent this problem is subcellular fractionation. Therefore, nuclear proteomics may become the Fig. 2 Combined phylogenetic tree of Arabidopsis, soybean and tobacco wRKY genes indicating water stress inducibility at the mRNA level. The complete wRKY gene family from Arabidopsis was taken from the TAIR web site. The tobacco genes were taken from the TOBFAC database (Rushton et al. 2008b ). The soybean genes were taken from phytozome (Goodstein et al. 2012 ) and named arbitrarily except for previously published genes. The evolutionary history was inferred using the neighbor-joining method. The bootstrap consensus tree inferred from 1,000 replicates is taken to represent the evolutionary history of the taxa analyzed. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree using MeGA5 (Tamura et al. 2011 ). The evolutionary distances were computed using the Poisson correction method and are in the units of the number of amino acid substitutions per site. Blue dots denote Arabidopsis genes that are induced at least sevenfold by water stress according to the transcriptome data sets in Genevestigator (Zimmermann et al. 2004) . Red dots denote soybean and green dots denote tobacco genes that are induced sevenfold by water stress according to our transcriptome data sets Fig. 3 Hotspot of water stress-inducible wRKY genes in the group IIc subfamily. Blue dots denote Arabidopsis genes that are induced at least sevenfold by water stress according to the transcriptome data sets in Genevestigator (Zimmermann et al. 2004) . Red dots denote soybean genes that are induced sevenfold by water stress according to our transcriptome data sets (Tripathi et al. unpublished, data not shown) . Green dots denote tobacco genes that are induced sevenfold by water stress according to our transcriptome data sets (Rabara et al. unpublished, data not shown) 1 3 method of choice for wRKY proteins and other transcription factors. There are a very limited number of reports on the nuclear proteomics of water stress responses. Choudhary et al. (2009) reported on the dehydration-responsive nuclear proteome of rice. The proteome was established using nuclear enrichment followed by two-dimensional gel electrophoresis and LC-eSI-MS/MS. One hundred and fifty polypeptides showed changes in intensity of more than 2.5-fold. Ten percent of the identified proteins were involved in transcriptional regulation and chromatin remodeling. Among these proteins were a bZIP transcription factor, that showed up-regulation at 72-96 h of dehydration, and a wRKY transcription factor that displayed up-regulation across all the time points. This is a clear indication of the dehydration-induced increase in concentration of a wRKY TF in the nucleus and suggests that this wRKY is regulated by water stress (Choudhary et al. 2009 ). excitingly, a similar study of the dehydration-responsive nuclear proteome of chickpea (Pandey et al. 2008 ) from the same group also identified a similar wRKY protein that is upregulated by dehydration in chickpea. The chickpea wRKY protein appears to be an ortholog of the Arabidopsis group I protein, AtwRKY4. In each of the two studies, only a handful of transcription factors were identified as up-regulated and in each case a wRKY protein was one of these, suggesting that wRKY transcription factors are among the most important regulators of water stress responses.
Although nuclear proteomics is still in its infancy, such results together with transcriptomics, promoter analyses, mutational approaches, and metabolomics suggest that systems biology approaches will reveal more important roles for wRKY transcription factors in drought responses in crops.
Interactomics
Interactomics, in this case the study of the interacting partners of wRKY proteins, has made some significant advances over recent years. From their function as transcription factors, wRKY proteins must bind DNA and interact with other proteins to either activate or repress transcription, but how do they do this? wRKY proteins interact with a wide range of proteins (Chi et al. 2013 ) and the field of interactomics is allowing the elucidation of signaling webs that they form parts of. First, there is now considerable evidence that wRKY transcription factors form homo-and hetero-complexes. This includes interaction of group IIa wRKY proteins with each other via leucine zipper motifs (Cormack et al. 2002; Xu et al. 2006) , interaction of group III wRKY TFs (Besseau et al. 2012) and heterodimerization of members of group IIb. In addition, there are reports of heterodimerization of wRKY TFs from different subfamilies such as OswRKY71 and OswRKY51 (groups IIa and IId, respectively) (Xie et al. 2006 ) and the group IIa TFs AtwRKY40 and AtwRKY60 interact with AtwRKY36 (IId) and AtwRKY38 (III) (Arabidopsis Interactome Mapping Consortium (2011) ). This suggests a complex set of functional interactions that include cooperative and antagonistic binding in the "wRKY wide web of Signaling."
It has also been shown that wRKY TFs interact with calmodulin, which binds to the C-motif (DxxvxKFKxvISLLxxxR) that is present in some group IId wRKY proteins (Park et al. 2005) . This implicates group IId wRKY TFs in transducing Ca 2+ signals. Also, interaction studies show that group I wRKY proteins are among the targets of MAP kinase signaling cascades, suggesting that phosphorylation plays a major role in wRKY activity. In Nicotiana benthamiana, NbwRKY8 phosphorylation by MAP kinases enhances its DNA-binding and transcriptionactivating activities (Ishihama et al. 2011 ). There are many other examples of wRKY-MAP kinase interactions (Chi et al. 2013) . Other interacting partners of wRKY proteins include 14-3-3 proteins (Chang et al. 2009 ), chromatin remodeling proteins such as Arabidopsis histone deacetylase 19 (Kim et al. 2010) , vQ proteins ), CC-NBR-LRR-type R proteins (Shen et al. 2007 ), e3 ubiquitin ligases (Miao and Zentgraf 2010) and the chloroplast ⁄ plastid-localized ABA receptor, ABAR (Shang et al. 2010 ). These interacting partners of wRKY TFs are providing increasing information as to the roles and mechanisms involved in wRKY TF action at the systems level.
Metabolomics
Metabolomics analyses are also rare but correlations between knockdown/overexpression of specific wRKY genes and changes in metabolite profiles hold great promise for the establishment of areas of metabolism that are regulated by wRKY transcription factors. Reports from resurrection plants using parallel transcriptomic and metabolomic profiling have reported on wRKY TFs as regulating lysine biosynthesis (Urbanczyk-wochniak et al. 2003) , reprogramming normal growth to promote energy saving and promoting stress protective programs during water stress (Gechev et al. 2013) . In their study, Urbanczykwochniak et al. (2003) found that the nutritionally important metabolites such as ascorbate, tocopherol and lysine were closely related to the expression of various transcription factors: ascorbate was negatively correlated with a homologue of the clock gene CONSTANS and lysine was positively regulated by the transcription factor wRKY6. These observations provide several links between metabolites and the transcriptome. As mentioned earlier, research on a dehydration tolerance signaling pathway in the resurrection plant Boea hygrometrica links the wRKY transcription factor BhwRKY1 with the galactinol synthase gene (BhGolS1), and therefore with regulating the accumulation of osmolytes in situations of low water potential (wang et al. 2009 ). The BhGolS1 promoter contains four w boxes and chromatin immunoprecipitation showed that it is bound in vivo by the early dehydration and ABA-inducible BhwRKY1 transcription factor (wang et al. 2009 ). Gechev et al. (2013) produced a model where they explained that initial perception of the signaling events during drought is received by transcription factors including MADS box, NAC and wRKY proteins. This leads to production of eLIPs, LeAs, HSPs, PR proteins, regulation of ROS-scavenging proteins/metabolites, down-regulation of photosynthetic genes, accumulation of sucrose, and synthesis of GABA. These and other responses may contribute to desiccation tolerance and tolerance to salinity.
Conclusion and future perspectives
To have better insights into the mode of regulation of coexpressed genes, a comprehensive approach of parallel -omics profiling at the gene and protein level is a good approach. Such omics analyses can tell us who are major players and probably how they are receiving a stimulus. various post-translational mechanisms are able to change the fate of proteins and direct them to act with potentially different function. To better understand the web of signaling involved in drought responses and the role of wRKY TFs in this web, functional and structural descriptions from transcriptomics and proteomics approaches are a good start. However, without the full description of the dynamics of fluxes, it is insufficient for an understanding of signaling cascades. Hence, it is important to integrate multiple -omics level analyses to understand signaling during water stress.
water stress responses are notoriously multigenic and quantitative with strong environmental effects on phenotypes (Fleury et al. 2010 ). Looking to the future, the best approach to study water stress responses is therefore a multidisciplinary and integrated systems biology approach that has the potential to lead to crop improvement. Many different -omics technologies are required to give a clear view of the complete system at each level. For water stress, one of the possible approaches to define the system and find candidate genes for crop improvement is to first select candidate genes that are differentially regulated during the dehydration responses using transcriptome data. Subjecting these genes to promoter motif enrichment analysis can provide an overview of modules in signaling. In this way, target genes for TFs such as wRKY proteins can be tentatively assigned and signaling webs constructed. Further mutant, overexpression, and knockdown analyses can add functional data to reveal upstream and downstream signaling components of water stress. More elegantly, chromatin immunoprecipitation followed by next-generation sequencing (ChIP-seq) has the potential to provide a snap shot of the target promoters of a given TF in a genome wide manner. Other levels of the system can also be investigated. Metabolomics has the potential to establish connections between transcription factors, promoters, biosynthetic pathways, fluxes and downstream responses. Other approaches, such as phosphoproteomics and interactomics, have the capacity to establish signaling events that occur earlier in the signaling webs, such as kinase cascades or phosphorylation of TFs. Further exciting new advances can see the mutant, overexpression, knockout and molecular breeding approaches connected to large physiology datasets via high throughput phenotyping facilities. Taken together, these -omics technologies should provide new gene targets and power breeding programs. For transcription factors in plants, such as wRKY transcription factors, we have only just scratched the surface of what is becoming possible.
